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Abstract
Purpose This study illustrates the applicability of a frame-
work to conduct a spatially distributed inventory of
suspended solids (SS) delivery to freshwater streams com-
bined with a method to derive site-specific characterisation
factors for endpoint damage on aquatic ecosystem diversity.
A case study on Eucalyptus globulus stands located in
Portugal was selected as an example of a land-based system.
The main goal was to assess the relevance of SS delivery to
freshwater streams, providing a more comprehensive assess-
ment of the SS impact from land use systems on aquatic
environments.
Methods The WaTEM/SEDEM model, which was used to
perform the SS inventory, is a raster-based empirical erosion
and deposition model. This model allowed to predict the
amount of SS from E. globulus stands under study and route
this amount through the landscape towards the drainage net-
work. Combining the spatially explicit SS inventory with the
derived site-specific endpoint characterisation factors of SS
delivered to two different river sections, the potential damages
of SS on macroinvertebrates, algae and macrophytes were
assessed. In addition, this damage was compared with the
damage obtained with the commonly used ecosystem impact
categories of the ReCiPe method.
Results and discussion The relevance of the impact from SS
delivery to freshwater streams is shown, providing amore com-
prehensive assessment of the SS impact from land use systems
on aquatic environments. The SS impacts ranged from 15.5 to
1234.9 PDF m3.yr.ha−1.revolution−1 for macroinvertebrates,
and from 5.2 to 411.9 PDF.m3.yr.ha−1.revolution−1 for algae
and macrophytes.
For some stands, SS potential impacts on macroinverte-
brates have the same order of magnitude than freshwater
eutrophication, freshwater ecotoxicity, terrestrial ecotoxicity
and terrestrial acidification impacts. For algae and macro-
phytes, most of the stands present SS impacts of the same
order of magnitude as terrestrial ecotoxicity, one order of
magnitude higher than freshwater eutrophication and two
orders of magnitude lower than freshwater ecotoxicity and
terrestrial acidification.
Conclusions The SS impact results allow concluding that
the increase of SS in the water column can cause biodiver-
sity damage and that the calculated impacts can have a sim-
ilar or even higher contribution to the total environmental
impact than the commonly used ecosystem impact catego-
ries of the ReCiPe method. A wide application of the frame-
work and method developed at a local scale will enable the
establishment of a regionalised SS inventory database and a
deep characterisation of the potential environmental impacts
of SS on local aquatic environments.
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1 Introduction
Topsoil erosion leads to changes on soil properties and to the
displacement of suspended solids (SS) towards the surface-
water systems. Figure 1 (based on Quinteiro et al. 2014,
2015a) illustrates the potential environmental pathways relat-
ed to topsoil erosion. The loss of topsoil can lead to a loss of
productive capability of land, and this has begun to be con-
sidered recently in LCA studies in the context of terrestrial
ecosystem services (e.g. Núñez et al. 2012; Saad et al.
2013). Topsoil erosion leads to the degradation of soil quality,
leading to the loss of essential plant nutrients and reduction of
soil depth. This pathway points to a decrease of biomass pro-
ductivity, affecting the biodiversity of terrestrial ecosystems.
Furthermore, topsoil erosion can change soil productivity,
leading to a reduction in food availability, which, in turn,
can result in malnutrition or undernutrition in developing
countries, generating impacts on human health (Núñez et al.
2012).
However, displaced soil is itself a source of potential envi-
ronmental harm, especially when it reaches water systems.
High concentrations of SS reaching lotic environments and
remaining in suspension can be significant stressors to the
biodiversity of these aquatic systems, causing major disrup-
tions in the aquatic ecosystems, leading to sub-lethal and le-
thal effects on macroinvertebrates, primary producers (e.g.
algae and macrophytes) and fish communities (Angermeier
et al. 2004; Bilotta and Brazier 2008; Collins et al. 2011;
Quinteiro et al. 2015a). The presence of high concentrations
of SS due to topsoil erosion by water affects macroinverte-
brates by clogging feeding structures and damaging gills and
digestive structures (Bilotta and Brazier 2008). Also, algae
and macrophytes can be affected by high concentrations of
SS, which reduce the required light penetration through the
water column for photosynthesis purposes and also cause
damage by abrading the photosynthetic parts of algae
(Parkhill and Gulliver 2002; Allan and Castillo 2007; Luce
et al. 2010). Fish communities are affected due to the abrasion
and the clogging of fish gills (Richardson and Jowett 2002;
Kefford et al. 2010). As a result of human-induced climate
change, the frequency and intensity of seasonal heavy precip-
itation events have been increasing in a broad range of world-
wide areas (IPCC 2007; Lima et al. 2013), which in combina-
tion with high soil erodibility and steep slopes of land use
production systems (both agro- and forest ecosystems) and
anthropogenic activities can result to significant loss of soil
(Pimentel et al. 1995; Grimm et al. 2002; FAO 2013).
Life cycle assessment (LCA) is a methodology that as-
sesses the environmental impacts of products and organisa-
tions (ISO 2006a) and is being used to support decision-mak-
ing, ecolabelling schemes and environmental product declara-
tions (JRC-IES 2012), among other applications. A more
comprehensive impact assessment can be achieved by includ-
ing additional types of environmental impacts beyond the
commonly used impact categories in the LCA context (e.g.
climate change, eutrophication and acidification). Several ef-
forts have been undertaken to consider the damage of land use
and land use changes on terrestrial biodiversity (Geyer et al.
2010a, b; Koellner and Scholz 2007; Koellner et al. 2012,
2013;Michelsen 2008; Schmidt 2008) and ecosystem services
(Brandão and Milà i Canals 2013; Beck et al. 2011; Milà i
Canals et al. 2007, 2012; Núñez et al. 2012; Reinhard and Zah
2009; Saad et al. 2011, 2013) (e.g. biomass production and
freshwater filtration). However, less attention has been paid to
potential impacts of SS from topsoil erosion on aquatic biota,
mainly because of the complexity of establishing a spatial
inventory of eroded SS from upland sources. Recently,
Quinteiro et al. (2014, 2015a) developed a framework to con-
struct inventories of both soil erosion and SS delivery to
aquatic systems using a spatially distributed soil and SS de-
livery model (WaTEM/SEDEM) (Van Oost et al. 2000; Van
Rompaey et al. 2001; Verstraeten et al. 2002) and proposed a
method to derive regional characterisation factors for endpoint
damage on aquatic ecosystem diversity (macroinvertebrates,
algae and macrophytes).
This study illustrates the applicability of the framework and
method proposed by Quinteiro et al. (2014, 2015a) by
performing a case study on a land use system of Eucalyptus
globulus stands, which is often located on steep slopes, being
susceptible to soil erosion. A spatially explicit inventory of
sources of SS and their potential impact on aquatic biota is
of paramount importance, given the spatial heterogeneity of
soil erodibility (Panagos et al. 2014), topography and rainfall
erosivity (Diodato and Bellocchi 2010) at the catchment scale.
The relevance of SS delivery to freshwater streams was
assessed, providing a more comprehensive assessment of the
SS impact from land use systems on aquatic environments.
Also, to understand the contribution of SS to the overall envi-
ronmental impacts, the damage resulting from additional SS
input to the water column was compared with the damage
obtained from the commonly used ecosystem impact catego-
ries of the ReCiPe method.
2 Methods
2.1 Scope
This study considers four E. globulus stands located in the
Central interior region of Portugal. Table 1 presents the site-
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specific soil characteristics on which the SS inventory is
strongly dependent and area of the four stands. The
E. globulus was chosen for assessment because it is one of
the most abundant forest species in Portugal, covering 26 %
(812,000 ha) of the total forest area (ICNF 2013). Almost
one third of the Portuguese territory, including the Central
interior region, is at high risk of erosion by water (Grimm
et al. 2002). The Central interior region, particularly the
lower-middle watershed of Tagus river (Electronic
Supplementary Material, Fig. S1), has a very weakly
developed mineral soil layer in unconsolidated material clas-
sified as Regosols (European Commission 2005), which, in
combination with outbreaks of rain after frequent dry pe-
riods, make most of the sloping areas within this region
prone to erosion (Grimm et al. 2002; Panagos et al. 2014).
E. globulus stands are mainly used for pulp and paper pro-
duction and are managed as a coppiced stand in short rota-
tions of typically 12 years each, during three successive
coppice rotations over one revolution (from site preparation
to final cutting—36 years).
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Fig. 1 Potential environmental impact pathways related to topsoil erosion. The shaded boxes relate to the pathway focused on this study
Table 1 SS produced and delivered to the Tagus river sections during one revolution of E. globulus and site-specific soil characteristics (K (soil
erodibility) and LS (slope length) parameters) on which the SS inventory is strongly dependent
Tagus river
section
Area (ha) SS delivery to Tagus river
(t.ha−1.revolution−1)
Average K parameter
(t.ha.h.ha−1.MJ−1.mm−1)
Average LS parameter
(dimensionless)
Stand 1 Almourol 8.2 4.1 0.029 1.34
Stand 2 29 329.0 0.037 10.27
Stand 3 Vila Velha
de Rodão
83 147.6 0.038 16.27
Stand 4 103 131.6 0.040 7.02
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The functional unit (FU) was defined as 1 ha of E. globulus
managed forest over one revolution.
2.2 SS inventory
The life cycle inventory of SS originating from soil erosion in
E. globulus stands was performed by applying the WaTEM/
SEDEM model (Van Oost et al. 2000; Van Rompaey et al.
2001; Verstraeten et al. 2002). This model predicts the spatial
distribution of long-term mean annual soil loss by sheet, rill
and ephemeral gully erosion (Desmet and Govers 1996a) and
SS delivery at the catchment scale. The amount of eroded soil
is calculated using the empirical RUSLE (Renard et al. 1997)
and routed through the landscape using the flux-
decomposition algorithm (Desmet and Govers 1996b), and
soil particles are deposited in cells where the transport capac-
ity is exceeded (Desmet and Govers 1995; Van Oost et al.
2000; Van Rompaey et al. 2001).
In a first step, eroded soil transport in theWaTEM/SEDEM
model has to be constrained by selecting adequate transport
capacity coefficients (ktc). The ktc values represent the slope
length needed to produce the amount of soil equal to the trans-
port capacity from a bare surface with the local slope gradient
(Van Rompaey et al. 2001). Due to a lack of an extensive
dataset of measurements, the most adequate ktc values were
selected based on existing literature. In a second step, the
sensitivity of the model results to the ktc values was evaluated.
Subsequently, model performance using the optimal set input
parameters was validated against SS measurements in the
main river channel. In a last step, the model was used to
calculate the SS delivery from the four E. globulus stands
towards the main river channel.
2.2.1 WaTEM/SEDEM model calibration
WaTEM/SEDEM (Van Oost et al. 2000; Van Rompaey et al.
2001; Verstraeten et al. 2002) is a raster-based empirical ero-
sion and deposition model. For every grid cell, the amount of
eroded soil is calculated based on the RUSLE (Renard et al.
1997) and is subsequently routed through the landscape.
When the total amount of soil in a grid cell exceeds the runoff
transport capacity, the amount of material leaving the grid cell
equals the runoff transport capacity, and the remaining part of
the material is deposited in that grid cell. The runoff transport
capacity (Tc) (Van Rompaey et al. 2001) is proportional to the
potential gully erosion as shown in Eq. 1.
Tc ¼ ktc R K  LS2D−4:12 Sg0:8
  ð1Þ
Where ktc is the runoff transport capacity coefficient, Sg the
local slope and R, K and LS2D are RUSLE parameters. The ktc
value is a scaling factor to determine the runoff transport ca-
pacity, and this capacity depends on multiple factors such as
land use and grid cell size. WaTEM/SEDEMmodel allows the
definition of a ktc value for non-erodible land surfaces (forests
and grasslands) as well as one value for erodible land surfaces
(crop land) (Van Rompaey et al. 2001; Verstraeten et al. 2002).
Long-term measurements of SS load in the catchment under
study are scarce, thereby limiting the ability to perform a reli-
able and accurate calibration of the ktc parameters. To over-
come this constraint, a pre-established calibration of the ktc
performed by Verstraeten (2006) for seven large river catch-
ments in Belgium was used. Verstraeten (2006) found optimal
ktc values of 8 m for non-erodible land surfaces and 27 m for
erodible land surfaces. Although this calibration was performed
in another region than the catchment under study, the same
input data, i.e. a SRTM-DEM, resampled to a resolution of
100 m and a parcel map derived from CORINE Project land
cover (EEA 2012) were used. The use of the same input data by
Verstraeten (2006) allows us to use the pre-established calibra-
tion of the ktc in the present study. Although soil conditions
differ between Belgium and the catchment under study, the use
of the same input data as Verstraeten (2006) minimises the
uncertainty that is caused by using a pre-established calibration
of the transport capacity. The use of a pre-established calibra-
tion of ktc values results in an uncertainty that cannot be
avoided due to the absence of long-term SS data. Therefore,
the uncertainty of the set of ktc values on the model results was
assessed by performing a sensitivity analysis. The ktc values
for non-erodible surfaces were varied from 4 to 12 in incre-
ments of 1. The respective ktc values for erodible surfaces were
calculated by multiplying each ktc value for non-erodible land
surfaces by a factor of 3.38. This factor is the ratio of the
optimal ktc values for erodible to non-erodible surfaces as
found by Verstraeten (2006). This means that regardless of grid
cell size, a grid cell under forest can transport 3.38 times less SS
than a grid cell under agriculture Verstraeten (2006). Further
details about the model, input data and parameters, land cover
and data sources can be found in the Electronic supplementary
material (Section S2).
2.2.2 WaTEM/SEDEM model validation
The observed SS load (Horowitz 2003) was calculated based
on measurements of in situ concentrations of SS (CSS) and
discharge (Q) from the Almourol gauge station (SNIRH
2015), located at the outlet of the watershed of the Tagus river.
Monthly measurement data of CSS were available for a period
of 5 years, from January 1985 until December 1989. Total SS
load was calculated as shown in Eq. 2.
observed SS load t:month−1
  ¼ CSS kg:m−3
  Q m3:month−1 
 0:001 t:kg−1 
ð2Þ
The observed annual SS load was calculated by summing
the observed monthly SS loads for every year. The observed
Int J Life Cycle Assess
annual average of SS load for the entire period 1985–1989
(585278 t.yr−1) was 20 % lower than the predicted annual
SS load that leaves the entire watershed through the river
network (727692 t.yr−1, as shown in Fig. 2). The overpredic-
tion of the annual SS load can be explained by the model
simplifications related to land cover (further details in
Section 3.6). Another reason for the overprediction of SS lies
in the fact that WaTEM/SEDEM does not model internal river
dynamics and assumes that all the SS that reach the river
channel are transported to the catchment outlet, i.e. SS deliv-
ery to the river corresponds to the SS load. SS that are depos-
ited on the river bed are thus not taken into account by the
model. Despite the model simplifications assumed, the results
show that the model represents the general catchment dynam-
ics and is capable of calculating SS loads in the order of
magnitude of the measurements.
2.2.3 SS delivery from E. globulus stands
After the optimal input parameters for the model were select-
ed, the SS delivery from the four E. globulus stands towards
the Tagus river was modelled. This was done using an adapted
version of the WaTEM/SEDEM model that was able to track
SS from the upland source area to the main river channel
(Notebaart et al. 2005). Spatial data layers delimiting the
boundaries of the E. globulus stands were used to define the
source areas of SS.
The SS delivered to the Tagus river during one revolution
of E. globulus depends on site-specific soil characteristics,
rainfall erosivity and on what happens to both the up- and
downstream pathways of the stands, which is modelled using
the flux-decomposition algorithm (Desmet and Govers
1996b) of WaTEM/SEDEM. The average crop management
parameter (Pimenta 1998) (C parameter in RUSLE; further
details in Electronic supplementary material, Section S2) is
constant for all E. globulus stands with a value of 0.2, while
the average value of soil erodibility (Panagos et al. 2014) (K
parameter in RUSLE equation; further details in Electronic
supplementary material, Section S2) ranged from
0 . 0 2 8 t . h a . h . h a − 1 .M J − 1 . mm − 1 i n s t a n d 1 t o
0.048 t.ha.h.ha−1.MJ−1.mm−1 in stand 4, and slope-length
(LS) ranged from 1.34 (dimensionless) in stand 1 to 16.27
(dimensionless) in stand 3.
Tillage erosion, i.e. the net downslope movement of soil by
tillage operations increasing the exposure of less productive
sub-soils, is particularly important in hilly areas used for in-
tensive agriculture and forestry (Lindstrom et al. 1992; Govers
et al. 1994; Van Oost et al. 2000). E. globulus stands are prone
to tillage erosion, mainly due to site preparation and tillage
management activities in young stands (Croke 2004; Kosmas
et al. 2012). Management activities lead to bare soil surfaces
during the first 2 or 3 years of the first rotation, making soils
under E. globulus particularly sensitive to soil erosion during
this period. Unlike water erosion, soil displacement by tillage
in the WaTEM/SEDEM model will only occur within a field,
i.e. SS are not transported towards the drainage network (Van
Oost et al. 2000). Therefore, the contribution of tillage erosion
to the total SS that reach the drainage network was not taken
into account.
During the first part of each rotation cycle, the canopy is
not completely closed until approximately the age of 5 years
(Quinteiro et al. 2015b). During this period, the soil is less
protected from raindrop impact and therefore more prone to
erosion by water. After canopy closure, the soil is more
protected from water erosion. This situation is taken into ac-
count in the average crop management parameter of
E. globulus of the RUSLE used by the WaTEM/SEDEM
model. The average C value of 0.2 means that topsoil erosion
will be reduced to 20 % compared to the amount that would
have been eroded under continuous fallow conditions.
2.3 Forest management inventory
Inventory data for the ecosystem impact categories of the
ReCiPe method (Goedkoop et al. 2013) associated with the
forest management operations were collected. These are rep-
resentative of a high intensity management model,
characterised by adoption of the best management practices
recommended for E. globulus stands, as described in Dias
et al. (2007) and Dias and Arroja (2012). All forest manage-
ment operations undertaken during the stages of site prepara-
tion, stand establishment, stand tending, felling and infrastruc-
ture establishment were taken into account.
The amount of carbon dioxide (CO2) assimilated during
E. globulus growth was not taken into account. It was as-
sumed that this amount is equal to the amount of CO2 that
will be released back to the atmosphere due to wood oxidation
along the downstream life cycle stages of wood (Dias and
Arroja 2012), i.e. biogenic carbon that is emitted during the
use and end-of-life stages of paper or other forest-derived
products. The production of fuels, lubricants and fertilisers
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originating from the watershed of the Tagus river during the 5-year period
of on-field measuring (1985–1989)
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required for management operations was considered (Dias
et al. 2007; Dias and Arroja 2012). Transport of workers,
machinery and materials (fuels, lubricants and fertilisers), as
well as capital goods, were excluded as they did not contribute
significantly to the overall result and the associated distances
and means of transportation greatly vary within the country.
For the operations carried out during site preparation
(stand tending and infrastructure establishment), the inputs
of fuels, lubricants and fertilisers were directly obtained per
unit of land area (Dias et al. 2007). For felling, the inputs of
fuels and lubricants were first obtained per unit of wood
volume under bark and then were expressed per unit of land
area by considering the average wood productivity (average
annual increment) of each stand (8.5 m3.ha−1 for stands 1
and 2, and 7.4 m3.ha−1 for stands 2 and 3) and the density of
wood (550 kg dry matter.m−3). A detailed list of the inputs
related to forest management operations can be found in the
Electronic supplementary material (Section S3).
2.4 Impact assessment of SS and sensitivity analysis
of model input parameters
The performed quantitative impact assessment of SS on the
potential disappearance of macroinvertebrates, algae and
macrophytes in the Tagus river follows the SS environmen-
tal impact pathway illustrated by the shaded boxes of Fig. 1.
As mentioned in the ‘Introduction’ section, high concentra-
tions of SS can physically affect macroinvertebrates, algae
and macrophytes. The gills and small appendages or filter
feeding structures of macroinvertebrates can be clogged.
Both algae and macrophytes require light penetration
throughout the water column for photosynthesis purposes.
The increase of the turbidity of the water column due to
SS reduces light availabil ity, which reduces the
photosynthesis rates, leading to lethal effects on these
primary producers. Based on a fate and effect model,
Quinteiro et al. (2015a) derived spatially explicit endpoint
characterisation factors (CFs) (expressed in potentially dis-
appeared fraction (PDF). m3. day. mgSS
− 1) for different river
sections, including the ones for the Tagus river Almourol
and Vila Velha de Rodão river sections. Based on the drain-
age network (Electronic Supplementary Material, Fig. S1), it
can be seen that stands 1 and 2 deliver SS to the Almourol
river section, while stands 3 and 4 deliver SS to the Vila
Velha de Rodão river section. The Almourol river section
has a slightly higher average water volume and average flow
than the Vila Velha de Rodão section (Quinteiro et al.
2015a).
The fate factors represent the marginal increase in the
concentration of SS due to a marginal increase of the
emission rate of SS in river sections (Quinteiro et al.
2015a). These factors consider the exposure to the SS,
reflecting the environmental residence time of SS in river
sections, which depends strongly on the river section flow
rate.
Figure 1 clarifies the defined inventory/impact assessment
boundaries, which are consistent with those proposed by
Quinteiro et al. (2015a) for the SS impact pathway on eco-
system quality. However, it should be noted that the first
brace of Fig. 1 in Quinteiro et al. (2015a) erroneously in-
cludes the SS delivered to rivers in the fate factors. This is
now corrected in the erratum to Quinteiro et al. (2015a).
Transport has been included in the inventory phase and not
in the impact assessment (fate factor), as suggested by ISO
14044 (2006b), which refers that ‘the fate and transport of
the substances should be part of the characterisation
model’. In this study, the inventory is related not only to
topsoil erosion but also to the amount of SS that are
transported throughout the landscape until they reach a sur-
face water system (compartments of the surrounding envi-
ronment), as described in Quinteiro et al. (2014, 2015a).
This modelling choice follows the PestLCI model developed
by Dijkman et al. (2012), which estimates pesticide emis-
sions to air, surface water and groundwater for use in inven-
tory modelling of field applications, and was selected to
enable the framework and method to be implemented for a
large range of river sections.
Although the inventory for the impact of erosion on
soil properties is usually expressed as mass of eroded
soil, in the case of the impact of erosion on aquatic
ecosystems addressed in this study, the inventory is
expressed as mass of SS because the inventory model-
ling is different in the two cases. For impacts on soil
properties (such as loss of productivity or soil depletion)
matter the quantity of soil eroded from the field under
study, being not relevant the identification of the sur-
rounding environment for which eroded soil is trans-
ferred and in what quantity. On its turn, for the impact
of erosion on aquatic ecosystems is crucial to consider
the amount of displaced SS from a specific land use
production system that is transported throughout the
landscape towards a surface water system. Depending
on the digital elevation model, transport capacity coef-
ficients, soil erodibility, rainfall erosivity, slope-length
and land use types of downstream areas, the quantity
of SS that are deposited throughout downstream fields
until reaching the drainage network can vary significant-
ly. This means that the quantity of SS delivered to the
water column can be significantly different from the
quantity of eroded soil. The LCA practitioner should
be aware that although the anthropic intervention is
the same, the inventory modelling is more complex in
the case of the impacts on aquatic ecosystems, requiring
geographic information system (GIS) data. By these rea-
sons, the ISO 14044 recommendation about including
the transport in the impact assessment was not followed
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and, instead, the transport of SS towards the water col-
umn was considered as part of the inventory.
The effect factors reflect the PDF of macroinvertebrates,
algae and macrophytes due to a change in the detrimental
concentrations of SS in river sections (Quinteiro et al.
2015a). These factors were developed based on a
concentration-response relationship between the detrimental
concentration of SS in the water column and the sub-lethal
and lethal physical effects on macroinvertebrates, algae and
macrophytes in river sections.
Formacroinvertebrates, CF is higher for theTagus–VilaVelha
de Rodão river section (2.4 × 10− 6 PDF.m3. day. mgSS
− 1) than
for the Tagus–Almourol river section (1.4 × 10− 6
PDF. m3. day. mgSS
− 1). In contrast, for algae and macrophytes,
t h e CF fo r t he Tagus–Almou ro l r i v e r s e c t i on
(4.6 × 10− 7 × PDF. m3. day. mgSS
− 1) is slightly higher than the
one developed for the Tagus–Vila Velha de Rodão
(4.2 × 10− 7 PDF.m3. day. mgSS
− 1).
The spatial SS inventory contains some assumptions and
simplifications (further details in the Electronic supplementa-
ry material, Section S4) and the calculation of eroded SS
strongly depends on the parameter values of the RUSLE.
Therefore, a sensitivity analysis was performed in which the
values for the crop factor (C), soil erodibility (K) and rainfall
erosivity (R) parameters were varied in a range of ±10 %.
To demonstrate how the SS characterisation model devel-
oped by Quinteiro et al. (2014, 2015a) can help to improve the
environmental assessment in forestry, the results were com-
pared with the commonly used endpoint ecosystem impact
categories from the ReCiPe method (Goedkoop et al. 2013),
namely freshwater eutrophication, freshwater ecotoxicity, ter-
restrial ecotoxicity, terrestrial acidification and climate
change. Damage to macroinvertebrates, algae and
macrophytes in the model developed by Quinteiro et al.
(2015a) is expressed in different units (PDF.m3.day.mg−1)
than those used to express ecosystem damage estimated in
the ReCiPe method (species.yr.mg−1). Therefore, to ensure
comparability, SS CFs in PDF. m3. day. mgSS
− 1 were converted
to units of species. yr. mgSS
− 1, considering the total macroinver-
tebrates, algae and macrophytes species density. Total species
density was determined by counting the total number of least
concerned, near threatened, vulnerable, endangered and criti-
cally endangered macroinvertebrates species (11,777 species)
and algae and macrophytes species (20,837 species) in fresh-
water systems listed by the International Union for
Conservation of Nature (IUCN 2015) and the total volume
of freshwater present in the earth rivers, streams and lakes
(126,700 km3) (Goedkoop et al. 2013). However, the use of
a global average value of macroinvertebrates, algae and mac-
rophytes for addressing the total species richness in the Tagus
river sections creates a source of uncertainty for site-specific
SS impact results. This issue is discussed in ‘Implications and
recommendations’ section.
3 Results and discussion
3.1 SS inventory
As mentioned in the ‘Suspended solids inventory’ section, the
transport of eroded soil in the WaTEM/SEDEM model has to
be constrained by selecting adequate ktc values. Since long-
term measurements of CSS in the catchment under study are
scarce and there is limited ability to develop locally calibrated
ktc values, a pre-established calibration of the transport capac-
ity coefficients by Verstraeten (2006) was used. The lack of
data also justifies the use of the WaTEM/SEDEM model,
which has a limited amount of necessary input data but still
captures major SS dynamics in large catchments (Schindler
and Hilborn 2015). This is a common challenge in LCA in
which there is an increasing trend toward the use of
regionalised impact assessment models, but the availability
of relevant data to define local parameters is often scarce.
The use of a pre-established calibration of ktc values results
in uncertainty that cannot be avoided due to absence of long-
term monitoring SS data. Therefore, the uncertainty is
analysed by means of a sensitivity analysis. The Electronic
supplementary material (Section S2) provides the description
and the results of the sensitivity analysis performed. WaTEM/
SEDEM predictions of SS are indeed sensitive to the ktc
values used and vary between −55 % and +23 % of the mea-
sured SS load for the parameter value range considered (fur-
ther details in Electronic Supplementary Material, Fig. S7).
Differences ranging from −7 to −55% (considering ktc values
lower than the default values) indicate that the predicted SS
delivered to river are lower than the SS delivery estimated
with the default ktc values. In contrast, differences ranging
from +6 to +23 % (considering ktc values higher than the
default values) indicate that the predicted SS are higher than
the SS load estimated with the default ktc values. Lower ktc
values than the default ones result in less reliable model pre-
dictions, as the long-term predicted SS load was increasingly
lower than the yearly SS observed load. Higher ktc values
than the default ones increase the overestimation of the SS
load compared to the observed yearly average SS load
observed.
A higher K parameter leads to a higher susceptibility to soil
detachment, and consequently to a higher SS delivery.
Nonetheless, the productivity should also be considered. For
instance, stand 4 was characterised by the highest susceptibil-
ity to soil detachment as it has the highest average K parameter
(0.041 t.ha.h.ha−1.MJ−1.mm−1) and was responsible for the
highest total SS load delivered to the Tagus river, in particular
to the Vila Velha de Rodão river section (13,556.2 t.revolu-
tion−1). However, this stand also has the highest productive
area (103 ha), which means that per FU, the SS are
131.6 t.ha−1.revolution−1, being lower than the SS for stands
2 and 3 (Table 1). Stand 1 has the lowest SS delivery, in
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particular to the Almourol river section, as this stand has the
lowest average K values and productive area and is located in
a relatively flat area, therefore having the lowest average LS2D
value.
3.2 SS impact assessment
As shown in Table 1, the E. globulus stands under study de-
liver SS to two different sections of the Tagus river (Vila Velha
de Rodão and Almourol), for which spatial SS CFs are avail-
able (Quinteiro et al. 2015a). By linking the SS inventory with
spatial CFs of these river sections, the potential damage on
macroinvertebrates, algae and macrophytes due to the in-
creased SS in the water column can be assessed. As can be
seen in Fig. 3, the resulting SS impacts ranged from 15.5 to
1234.9 PDF.m3.yr.ha−1.revolution−1 for macroinvertebrates
and from 5.2 to 411.9 PDF.m3.yr.ha−1.revolution−1 for algae
and macrophytes. The potential impacts for macroinverte-
brates are higher compared to those for algae and macrophytes
because high CSS clog the feeding structures and damage the
gills and digestive structures of macroinvertebrates, making
these organisms more sensitive to SS than algae and macro-
phytes Quinteiro et al. (2015a). The SS potential impacts are
higher than one because, since the results are expressed per
hectare and per revolution, the values become quite large. In
actual fact, the impacts are spread over a much large volume
of water than 1 m3 and over a much longer time period than
1 year (PDF.m3.yr.ha−1.revolution−1).
Although the SS CF for macroinvertebrates is higher
for the Tagus–Vila Velha de Rodão river section, the
highest impact on macroinvertebrates biodiversity was ob-
served for the Tagus–Almourol river section. This is be-
cause of the higher SS production by stand 2, which pro-
duces a SS load per FU which is 40 % higher than
inventoried for stands 3 and 4 (Tagus–Vila Velha de
Rodão river section). This high SS delivery from stand 2
per FU in combination with the higher SS CF for algae
and macrophytes in the Tagus–Almourol river section
results in the highest damage on algae and macrophyte
biodiversity. Stand 1 contributes to a significantly less
damage on aquatic species than the other stands under
analysis because, as it is located in a flat area, it delivers
the lowest amount of SS per FU to the Tagus river
(4.1 t.ha−1.revolution−1).
Given the significance of the ktc parameter (discussed in
the ‘S S inventory 3.1’ section), Fig. 3 also shows the uncer-
tainty associated with the variability of this parameter using
the absolute deviation as the measure of dispersion. The error
bars show the deviation of the SS impacts results from the SS
impacts results obtained using the default ktc values (8 and
27 m), strengthening the relevance of the ktc calibration for
different environments.
3.3 Sensitivity analysis
A sensitivity analysis was carried out to evaluate the influence
of input data of the RUSLE on the potential impacts on mac-
roinvertebrates, algae and macrophytes. Changes of ±10 % in
the default input C, K and R parameters were considered.
Significant changes in the SS potential impacts were obtained
when the C parameter was changed by −10 %. Potential im-
pacts increased by 10% for stand 1, and decreased between 24
(stand 2) and 49 % (stand 4) compared to the potential impact
of the reference case (Table 2). It should be kept in mind that
soil erosion from the E. globulus stands depends on erosion
dynamics upslope of these areas. For example, when a lower
C parameter is assigned to the entire watershed, the runoff that
reaches a stand might not be saturated with SS. In this case,
more soil can be eroded from that stand, resulting in a higher
SS load delivered to river networking. On the other hand, the
SS delivery to the river can also decrease when a lower C
parameter is chosen because less erosion can occur in the
stands. Besides, as the ktc parameter is proportional to the C
parameter, runoff can transport smaller amounts of SS from
the E. globulus stands. When a higher C parameter is chosen,
it is possible that all runoff that reaches the stand is SS-
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saturated (the transport capacity of SS that can pass through
one pixel is reached). It is thus clear that the effect of different
parameter values on the amount of eroded soil from the stands
is also dependent on the area up- and downstream of the
stands.
When the C parameter is increased by 10 %, minor or
even no increase in SS potential impacts for aquatic biota
were determined, which indicates that runoff that reaches
E. globulus stands is SS-saturated. In contrast to the C
parameter, changes in the K and R parameters have a
significantly lower influence on the SS potential impacts
on macroinvertebrates, algae and macrophytes (up to
±11 %) for all stands under analysis (Table 2). This indi-
cates that the uncertainties of the K and R factors that
were used for the simulations are limited. The C-factor,
on the other hand, did affect model results significantly.
Because a C-factor of 0.2 for E. Globulus was determined
in Pimenta (1998), it was chosen to perform the simula-
tion using this value. It should however be kept in mind
that model uncertainty arises from the different parame-
ters used.
3.4 Impact assessment of forest management operations
in E. globulus stands
The impact assessment of E. globulus forest management op-
erations was performed using the endpoint characterisation fac-
tors recommended by ReCiPe method (Goedkoop et al. 2013).
Table 3 shows the impact assessment results due to the occupa-
tion of 1 ha by E. globulus during one revolution. Climate
change impact accounted for the majority of the total estimated
ecosystem impacts, with 3.0 × 10−5 species.yr.ha−1.revolution−1
(98 % of the total ecosystem impacts). The largest contribution
to climate change comes from CO2 (65 %), which is emitted
mainly during E. globulus forest operations due to fossil fuel
combustion (Electronic Supplementary Material, Table S2).
Dinitrogen monoxide (N2O) emissions resulting from fertiliser
application were responsible for 35 % of predicted climate
change impacts. In contrast, freshwater eutrophication was re-
sponsible for the lowest impact, representing 0.01% of the total
E. globulus forest management environmental impacts, mainly
due to phosphorous (P) and phosphate (PO34 ) emissions as-
sociatedwith application of P-containing fertilisers during stand
tending (Electronic Supplementary Material, Table S2). The
emission of some pollutants to air and soil, such as cadmium
(soil and air emissions), chromium and polycyclic aromatic
hydrocarbons (air emissions) during tillage operations and
carbofuran (soil emissions) and bromine (air, soil and water
emissions) emitted during fertiliser production, are the main
contributors to freshwater and terrestrial ecotoxicity impacts
(Table 3). Terrestrial acidification impacts come mainly from
stand tending operations, in particular ammonia (NH3)T
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emission due to fertilisation (Electronic Supplementary
Material, Table S2).
3.5 Comparison of impacts from SS and forest
management
SS potential impacts and forest management impacts
resulting from the occupation of 1 ha by E. globulus dur-
ing one revolution are presented in Table 3. The results
show that for macroinvertebrates, the SS impacts range
from 1.4 ×10−9 species.yr.ha−1.revolution−1 (stand 1) to
1.1 × 10−7 species.yr.ha−1.revolution−1 (stand 2), while
for algae and macrophytes the SS impacts range from
8.5 × 10−10 species.yr.ha−1.revolution−1 (stand 1) to 6.8 ×
10−8 species.yr.ha−1.revolution−1 (stand 2). For some
stands, SS potential impacts on macroinvertebrates have
the same order of magnitude than freshwater eutrophica-
tion, freshwater ecotoxicity, terrestrial ecotoxicity and ter-
restrial acidification impacts (Table 3). For algae and mac-
rophytes, all stands with exception of stand 1 present SS
impacts of the same order of magnitude as terrestrial
ecotoxicity, one order of magnitude higher than freshwa-
ter eutrophication and two orders of magnitude lower than
freshwater ecotoxicity and terrestrial acidification. For
stand 1, the SS potential impacts on algae and macro-
phytes are at least one order of magnitude lower than all
other impacts resulting from E. globulus production. For
all stands under study, ecosystem climate change presents
a significantly higher impact compared to SS impacts on
macroinvertebrates, algae and macrophytes.
In some stands, SS potential impacts have a higher rele-
vance than other commonly established impact categories,
with the exception of ecosystem climate change. These results
highlight that the newly developed framework and method
(Quinteiro et al. 2014, 2015a) to determine the spatial SS
potential impacts on aquatic biota is a significant contribution
to a more comprehensive local environmental assessment of
forest and agricultural systems. Extensive deforestation for
cropland and pasture and intensive agriculture have dramati-
cally accelerated soil erosion, leading to a gradually thinner
soil and a loss of productivity (Montgomery 2007; Pimentel
and Burgess 2013). Land areas covered by forest are more
resistant to water erosion than croplands because tree canopies
have the effect of decreasing the effective rainfall erosive force
(FAO 2013). However, it should be noted that for the five
endpoint ecosystem impact categories, the non-spatially ex-
plicit CFs were derived from the ReCiPe method, which could
skew the comparison between these impact categories and the
SS impacts, which uses spatially explicit CFs. In order to
improve spatially explicit environmental impact assessments,
Struijs et al. (2010) determined spatially differentiated CFs for
P emission due to fertiliser applications. These authors pro-
vide a CF for the Tagus river equivalent to 6.5 × 10−15 spe-
cies. yr. mgSS
− 1 (following the recommendation of the ReCiPe
method to convert units of PDF. m3. day. mSS
− 1 to
species:yr:mg1SS , considering the freshwater species density
of 7.9 × 10−10 species.yr.kg−1), which is lower than the generic
CF for P emission due to fertiliser application available in
ReCiPe method (2 .4 × 10− 12 species . yr. mgSS
− 1) .
Consequently, a CF for the Tagus river of 6.5 × 10−15 species.
yr. mgSS
− 1 leads to lower freshwater eutrophication impacts
(7.1 × 10−12 species.yr.ha−1.revolution−1) compared to the re-
sults obtained with the generic CF available in ReCiPe method
(2.6 × 10−9 species.yr.ha−1.revolution−1). This indicates that
ecosystem freshwater species are less vulnerable to P emissions
in the Tagus river compared to the average results for European
continental waters.
3.6 Implications and recommendations
There are some aspects that should be a priority in further
research: (1) improvement of SS modelling, in particular
the calibration of the transport capacity coefficient and the
identification of SS-trapping sites and forest roads, (2)
CFs at an adequate spatial resolution related to life cycle
inventories, (3) determination of site-specific freshwater
species richness and (4) application of framework and
method developed for other land uses in other regions
with different soil and climatic conditions.
Concerning the first item, to conduct a spatial SS inventory,
the WaTEM/SEDEM model requires a calibration of the ktc
parameters in order to obtain an optimal relation between
Table 3 Impact assessment results associated with occupation of 1 ha by E. globulus during one revolution (36 years)
species.yr.ha−1.revolution−1
SS potential impacts
on macroinvertebrates
SS potential impacts on
algae and macrophytes
Freshwater
eutrophication
Freshwater
ecotoxicity
Terrestrial
ecotoxicity
Terrestrial
acidification
Ecosystem
climate change
Stand 1 1.4 × 10−9 8.5 × 10−10 3.6 × 10−9 1.3 × 10−7 2.3 × 10−8 5.4 × 10−7 3.0 × 10−5
Stand 2 1.1 × 10−7 6.8 × 10−8 3.6 × 10−9 1.3 × 10−7 2.3 × 10−8 5.4 × 10−7 3.0 × 10−5
Stand 3 8.9 × 10−8 2.8 × 10−8 3.6 × 10−9 1.3 × 10−7 2.3 × 10−8 5.4 × 10−7 3.0 × 10−5
Stand 4 7.9 × 10−8 2.5 × 10−8 3.6 × 10−9 1.3 × 10−7 2.3 × 10−8 5.4 × 10−7 3.0 × 10−5
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model parameters and observed erosion dynamics, as
discussed in ‘Suspended solids inventory’ section. Because
the transport capacity depends on multiple factors such as
climate and landscape structure, a new calibration should be
performed when applying the model to a new environment.
For this purpose, long-term on-site monitoring of SS load at
the catchments outlet is necessary. As this data was not present
for the watershed under study, predefined transport capacities
that were obtained for the same spatial resolution in another
region were used. However, the ktc sensitivity analysis
(Electronic supplementary material, S2) showed that the pre-
established calibrated ktc values give a better approximation
of the SS load on a yearly basis than other ktc values. In
addition, in ‘WaTEM/SEDEM model validation’ section, it
is shown that despite the use of pre-established calibrated
ktc values and model simplifications, this model is capable
of calculating SS loads in the order of magnitude of the
measurements.
The general overprediction of the SS delivered to the Tagus
river with the WaTEM/SEDEM model may result from the
fact that SS-trapping sites, i.e. vegetation barriers (e.g. hedges
and grass strips), ponds, reservoirs and dams (in particular the
Cedillo, Fratel and Belver dams), were not properly taken into
account. For example, it has been observed that a fraction of
the overland flow can infiltrate near the field boundary and SS
are likely to be deposited here, due to differences in vegetation
and soil surface conditions (Meyer et al. 1995; Slattery and
Burt 1997; Takken et al. 1999). Although this mechanism is
taken into account in the WaTEM/SEDEM model, the input
parameters for soil trapping at field borders were determined
for the Belgian loam belt and their applicability was not val-
idated for our study area. Although ponds, reservoirs and
dams also act as a SS trap, these infrastructures were not
considered due to data constraints. In addition, although forest
roads contribute disproportionally to runoff and SS production
in forested areas (Chappell et al. 1999; La Marche and
Lettenmaier 2001; Croke and Hairsine 2006), these were not
considered due to data constraints, which can introduce uncer-
tainty on SS inventory. Further research is needed to imple-
ment the abovementioned constraints in an operational model
structure for the area under study.
Regarding the second item, the spatial potential environ-
mental impacts of SS on aquatic biota depend on (1) the quan-
tity of SS production, i.e. the amount of soil eroded from the
land use production systems, (2) the properties of the these SS
and on (3) the characteristics of land use production systems
(e.g. soil, rainfall and geomorphological characteristics). In
the assessment of these impacts and others, affecting local,
regional and continental scales, adequate spatial information
is required in order to accurately establish accordance between
the inventory and the impact assessment phase (Reap et al.
2008). The quality of LCA studies can be compromised if the
LCA practitioner has difficulties to establish a connection
between CFs with high spatial resolution and the related spa-
tial inventory or vice versa. It is also not easy to obtain infor-
mation about background processes (e.g. fertiliser, diesel, pet-
rol and lubricating oil production processes in this case study),
hampering the development of endpoint site-specific CFs for
these processes. Indeed, finding an optimal spatial resolution
to construct life cycle inventories remains a major scientific
challenge in LCA (Huijbregts 2013).
Regarding the third item (species richness), it is important
to keep in mind that determining this factor for specific river
sections is complex. Adequate information on the number of
macroinvertebrates, algae and macrophytes species in the riv-
er sections under study was not available. The use of a global
average value of macroinvertebrate, algae and macrophyte
densi ty for si te-specif ic SS impacts ( in units of
species.yr.ha−1.revolution−1) creates a source of uncertainty
since local species richness can vary depending on the char-
acteristics of the river sections under study. Further improve-
ments in the characterisation of freshwater species richness
should be considered in order to increase the robustness of
the comparison between impact categories.
Finally, in order to further increase the applicability of the
framework and method developed to a global scale, the SS
potential impacts should also be assessed for other land use
production systems (e.g. forest, grassland, pastures, perma-
nent and annual crops, shrubland, urban), thereby enhancing
the knowledge on the impact of SS on aquatic biota in com-
parison with other impact categories. Spatially explicit SS
inventory is a time- and resource-consuming procedure.
However, the developed framework by Quinteiro et al.
(2014) can be applied to a wide range of foreground processes.
Once several case studies are conducted, the studied fore-
ground processes can be used as background processes for
other studies. By this way, datasets would be available to be
integrated into inventory databases. Another topic of future
research should be the development of global generic CFs
for SS impacts from different land use systems.
4 Conclusions
This study shows the applicability of the framework and
method proposed by Quinteiro et al. (2014, 2015a) by
assessing the potential damages of SS on ecosystems for mac-
roinvertebrates, algae and macrophytes. Soil erosion by water
has been characterised as one of the most upsetting problems
in rivers. The SS impact results allow the conclusion that the
increase of SS in the water column can cause biodiversity
damage and that the calculated impacts can have a similar or
even higher contribution to the total environmental impact
than the commonly established endpoint impact categories
of the ReCiPe method (such as freshwater eutrophication,
freshwater ecotoxicity, terrestrial ecotoxicity and terrestrial
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acidification). This study shows that SS impacts on aquatic
organisms can vary substantially when using a detailed
regionalisation level such as the local resolution scale. The
SS impacts are highly dependent on the geographical location
of the land use system, soil properties and land use type itself.
Awide application of the framework and method developed at
a local scale will enable the establishment of a regionalised SS
inventory database and a deep characterisation of the potential
environmental impacts of SS on local aquatic environments.
Although being time-consuming steps, requiring the collec-
tion of specific data on the land use system, soil properties
and raster layers with identical spatial resolution and cover-
age, once this research is done, the performing of a
regionalised comprehensive assessment of SS impacts for dif-
ferent land use systems at a catchment level would highlight
the gravity of the SS problems for the local aquatic ecosystem.
This shows that addressing of topsoil erosion impacts in LCA
is needed, helping in the establishment of mitigation measures
to avoid or reduce the SS environmental impacts on the aquat-
ic biota and preserving the aquatic ecosystem services.
Furthermore, further research should focus on including the
SS impacts for fishes, addressing both the potential damage on
human health and aquatic ecosystems.
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